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Neuronal Nitric Oxide Synthase in Epidermis Is
Involved in Cutaneous Circulatory Response to
Mechanical Stimulation
Kazuyuki Ikeyama1, Sumiko Denda1, Moe Tsutsumi1 and Mitsuhiro Denda1
The source of nitric oxide (NO) in the cutaneous circulation remains controversial. We hypothesized that
epidermis might generate NO in response to mechanical stimulation. In hairless mouse (HR-1) skin organ
culture, mechanical stimulation resulted in NO release, which declined within 30minutes after cessation. A
similar NO release occurred in a reconstructed skin model containing only keratinocytes and fibroblasts and
was suppressed after detachment of the epidermal layer. Moreover, the stimulation-induced NO release was
significantly lower in skin organ culture from neuronal NO synthase knockout (nNOS-KO) mice, compared with
wild-type (WT) mice. Mechanical stimulation of skin organ cultures from HR-1, nNOS-KO, endothelial NOS-KO
(eNOS-KO), and WT mice caused an enlargement of cutaneous lymphatic vessels. The enlargement was
significantly lower after detachment of the epidermal layer than in normal skin samples and was significantly
lower for nNOS-KO than for WT mice. Skin blood flow in nNOS-KO mice after stimulation was significantly
lower than in WT mice. eNOS-KO mice also showed lower responses than WT mice, and the difference was
similar to that in the case of nNOS-KO mice. These results are consistent with the idea that NO generated by
epidermal nNOS has a significant role in the cutaneous circulatory response to mechanical stimulation.
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INTRODUCTION
Traditionally, it had been thought that the dilation of blood
and lymphatic vessels is caused by the release of NO (nitric
oxide) from endothelial NO synthase (eNOS) in the
endothelium and from neuronal NO synthase (nNOS) in
afferent nerve endings (Holzer et al., 1995; Holzer, 1998).
However, the proportions of nNOS- and eNOS-derived NO
remain controversial (Fagan et al., 1999; Ebrahimian et al.,
2003). In particular, little is known regarding the source of
NO introduced into the cutaneous circulation in response to
externally applied mechanical stimulation at the normal skin
surface (Fromy et al., 2000; Gaubert et al., 2007). Possible
sources of NO include not only the endothelium and nerve
endings but also keratinocytes (KCs), melanocytes, and
Langerhans cells (Clough, 1999; Klede et al., 2003). Kavdia
and Popel (2004) suggested that NO can be produced and
transported to vascular smooth muscle cells from (i)
endothelial cells and (ii) perivascular nerve fibers, mast cells,
and other nNOS-containing sources.
In the epidermis, nNOS is constitutively expressed in KCs
and synthesizes a small amount of NO in a calcium-
dependent manner under basal conditions (Ormerod et al.,
1998; Cals-Grierson and Ormerod, 2004). However, little is
known about the role of nNOS in the epidermis (Romero-
Graillet et al., 1997). We previously reported that NO
released after barrier disruption was derived from nNOS in
the epidermis (Ikeyama et al., 2007). These findings suggest a
potential role of nNOS in the epidermis. Thus, we hypothe-
sized that nNOS in the epidermis might generate NO in
response to mechanical stimulation and be involved in the
regulation of the cutaneous circulation. In this study, we first
evaluated the release of NO after mechanical stimulation in
hairless mouse (HR-1) skin organ culture, a reconstructed
human skin model, as well as in nNOS knockout (nNOS-KO),
eNOS knockout (eNOS-KO), and wild-type (WT) mice.
Second, we evaluated the effect of mechanical loading on
enlargement of lymphatic vessels in HR-1, NOS-KO, and WT
mice. Because it is difficult to measure NO release and
evaluate the enlargement of lymphatic vessels in real time
in vivo, particularly during mechanical stimulation, we
adopted an ex vivo model. Finally, we examined the effect
of externally applied pressure on skin blood flow (SkBF) of
NOS-KO and WT mice. Our goal was to identify the source
of NO released in response to external pressure. Our results
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indicate that the epidermis has a role in the changes in
cutaneous circulation in response to external mechanical
stimulation.
RESULTS
Effects of mechanical stimulation on NO release from skin
sections of hairless mice and reconstructed skin
In skin organ culture of HR-1 mice, NO release was
significantly increased after mechanical stimulation. The
NO level in the dynamically loaded (Dyn) group was
significantly increased, compared with the statically loaded
(Sta) group (Figure 1a). As for temperature during stimulation,
no significant difference was observed between 33 and 37 1C
in the Sta group (Figure 1b), although there was a tendency
(P¼0.07) for temperature to influence NO generation in the
Dyn group. As for loaded weight, the NO level was
significantly lower in the lighter-loaded groups (Figure 1c).
Interestingly, the NO level after static light loading was
similar to that in the control group. However, NO release
significantly increased after dynamic light loading, compared
with the control group. Moreover, NO release from skin
organ culture declined within 30minutes after cessation of
mechanical stimulation (Figure 1d). These results suggest that
NO is released from skin not in response to temperature
change but because of dynamic loading.
After 10-minute loading of the reconstructed skin model,
both the Sta and the Dyn groups showed no visible tissue
damage (data not shown). NO release was significantly
increased after mechanical stimulation (Figure 2). The NO
level in the Dyn group was significantly increased compared
with that in the Sta group. Even in the absence of nerve fibers,
blood, and lymphatic vessels, the skin model could generate
NO in response to mechanical stimulation.
Contribution of epidermis to NO release
The difference in NO release of reconstructed skin with and
without epidermis is shown in Figure 3. In the Dyn-epi ()
group, NO release was significantly decreased. As the
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Figure 1. Effects of static and dynamic mechanical stimulation on nitric oxide (NO) release in skin organ culture of HR-1 mice. (a) NO release was
significantly increased in both the dynamically loaded group (Dyn) and the statically loaded group (Sta) after a 10-minute stimulation. The NO level in the Dyn
group was significantly increased as compared with that in the Sta group. (b) No significant difference was found between 33 and 37 1C in the Sta group,
but there was a tendency (P¼ 0.07) for temperature to influence NO generation in the Dyn group. (c) The NO level was significantly less increased in lightly
loaded groups as compared with heavily loaded groups. (d) NO release from skin organ culture declined within 30minutes after cessation of stimulation.
**Po0.01 vs. heavily loaded groups. wwPo0.01 vs. control (Cont) or Sta group. Data are expressed as means±SE.
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Figure 2. Effects of static and dynamic mechanical stimulation on nitric
oxide (NO) release in a reconstructed skin model. After stimulation for
10minutes, NO release was significantly increased in both the Sta and the
Dyn groups. The NO level in the Dyn group was significantly increased as
compared with the Sta group. **Po0.01 vs. control (Cont) or Sta group. Data
are expressed as means±SE.
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fibroblasts in dermis express eNOS (Cals-Grierson and
Ormerod, 2004), the NO is thought to be derived from
dermal fibroblasts. Epidermis might have a role as a buffer
against external pressure. Potentially, fibroblasts in the Dyn-
epi () group might have been exposed to a higher pressure
than those in the epi (þ ) group, because of more direct
loading. Thus, this result suggested that at least one-third of
NO generated in skin sections in response to mechanical
stimulation may arise from epidermis, namely, KCs.
Effects of mechanical stimulation on NO release from skin
sections of NOS-KO mice
A significant increase in NO release was observed in both the
Sta and the Dyn groups for each mouse strain compared with
that in the corresponding control. The increase was higher in
the Dyn group than in the Sta group in each case (Figure 4).
No significant difference in the NO increase between the
control groups and the Sta groups was found among the
mouse strains. However, there was a statistically significant
difference in the NO increase between the nNOS-KO and the
corresponding control, C57BL/6J129 hybrid control mice
(WTn), in response to dynamic loading (Po0.05) (Figure 4).
In eNOS-KO mice, NO generation tended to be attenuated
compared with that in the corresponding control, C57BL/6
mice (WTe) (P¼ 0.055). These results showed that NO in
NOS-KO mice was released in response to mechanical
stimulation, but the response was weaker than that of WT
mice. It seems likely that the NO release in response to
mechanical stimulation might involve both eNOS and nNOS,
which may make roughly similar contributions to the NO
generation.
Mechanical stimulation leads to enlargement of cutaneous
lymphatic vessels in HR-1 mouse skin organ culture
The effects of mechanical stimulation on the size, area, and
number of cutaneous lymphatic vessels were evaluated by
immunohistochemistry, using an antibody against the lym-
phatic-specific hyaluronan receptor LYVE-1 (lymphatic vessel
endothelial receptor 1). Computer-assisted morphometric
analyses of LYVE-1-stained sections confirmed that the
average dermal area occupied by lymphatic vessels
(Po0.01) and the average size of dermal lymphatic vessels
(Po0.01) were significantly increased after mechanical
stimulation (Figure 5a and b). In contrast, the density of
lymphatic vessels was similar in all groups (Figure 5c). These
results showed an enlargement of lymphatic vessels in HR-1
after mechanical stimulation, compared with before (Supple-
mentary Figure S1a, b and c). There was a pronounced
enlargement of lymphatic vessels in the Dyn group,
compared with the Sta group.
The contribution of epidermis to the response of mechani-
cally stimulated cutaneous lymphatic vessels was evaluated.
Interestingly, the area of cutaneous lymphatic vessels of skin
sections after detachment of the epidermal layer by dispase
treatment was decreased both before (Supplementary Figure
S2a and b) and after mechanical stimulation (Supplementary
Figure S2c and d), compared with untreated skin sections
(Figure 6b and Supplementary Figure S2e-h). However,
lymphatic vessels in dispase-treated skin sections exhibited
moderate enlargement after dynamic loading (Figure 6a and
b), compared with before. The significant decrease in
dispase-treated skin sections before mechanical stimulation
suggests that the epidermis may be involved in maintaining
the resting diameter of cutaneous lymphatic vessels. The
density of lymphatic vessels was similar among all groups
(Figure 6c). These results suggest that the epidermis may have
an important role in the dilation of lymphatic vessels.
Skin sections of eNOS-KO and nNOS-KO mice show suppressed
mechanical stimulation–induced enlargement of cutaneous
lymphatic vessels
The effects of nNOS and eNOS on mechanical stimulatio-
n–induced enlargement of cutaneous lymphatic vessels were
evaluated. Computer-assisted morphometric analyses of
LYVE-1-stained sections confirmed that the average size of
dermal lymphatic vessels and the average dermal area
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Figure 3. Contribution of epidermis to nitric oxide (NO) release. The
difference in NO release of reconstructed skin with and without epidermis is
shown. *Po0.05. Data are expressed as means±SE.
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Figure 4. Effects of static and dynamic mechanical stimulation on NO
release in skin organ culture of NOS-KO and WT mice. A significant increase
in NO release was observed in the Sta and Dyn groups as compared with the
control. The increase was higher in Dyn groups than in Sta groups in all mice.
The difference in the NO increase in the Dyn groups was statistically
significant between neuronal NOS-KO (nNOS-KO) and WTn mice (Po0.01).
In endothelial NOS-KO (eNOS-KO) mice, NO generation tended to be
attenuated, compared with WTe (P¼ 0.055). **Po0.01. Data are
expressed as means±SE.
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occupied by lymphatic vessels were significantly increased
after mechanical stimulation (Figure 7a and b). However, the
increase in NOS-KO mice was smaller than that in WT
(Supplementary Figure S3a–p). These results showed that
lymphatic vessels in NOS-KO mice respond to mechanical
stimulation, but the response is weaker than that in WT mice.
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Figure 5. Enlargement of cutaneous lymphatic vessels of HR-1 mouse skin organ culture after mechanical stimulation. Computer-assisted morphometric
analyses of lymphatic vessel endothelial receptor 1 (LYVE-1)-stained skin sections revealed a significant increase in the average size of lymphatic vessels (a) and
in the area occupied by lymphatic vessels (b) in skin after static (Sta) and dynamic (Dyn) loading. The density of lymphatic vessels was similar among all groups
(c). **Po0.01 vs. basal condition. Data are expressed as means±SE.
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Figure 6. Effect of epidermis on enlargement of cutaneous lymphatic vessels of HR-1 mouse skin organ culture after mechanical stimulation. Computer-
assisted morphometric analyses of lymphatic vessel endothelial receptor 1 (LYVE-1)-stained skin sections revealed a significant increase in the average size of
lymphatic vessels (a) and in the area occupied by lymphatic vessels (b) in skin after dynamic loading. However, the average size and area were significantly
decreased in dispase-treated groups as compared with untreated groups. The density of lymphatic vessels was similar among all groups (c). *Po0.05, **Po0.01
vs. untreated. wwPo0.01 vs. basal condition before stimulation. Data are expressed as means±SE.
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There was no significant difference between the Sta and the
Dyn groups. These results suggested that enlargement of
cutaneous lymphatic vessels in response to mechanical
loading, especially dynamic loading, might involve eNOS
and nNOS. The density of the lymphatic vessels was similar
in all groups (Figure 7c).
Physiological parameters
The difference in body weight between WTn and nNOS-KO
mice or between WTe and eNOS-KO mice was statistically
significant (Po0.05). However, there was no significant
difference between WTn and WTe mice. SkBF remained
within the normal range during the experiments under
anesthesia (Table 1). Before the experiments, the differences
in SkBF between all the WT and all the NOS-KO mice and
between the WTe and the WTn mice were statistically
significant (Po0.01).
Effect of external continuous dynamic mechanical stimulation
on SkBF of eNOS- and nNOS-KO mice
After a 30-minute loading period, external continuous
dynamic mechanical stimulation induced significant
increases in SkBF in WTe and WTn mice (Po0.01). The
changes in SkBF (percentage of baseline) in eNOS-KO and
nNOS-KO mice were significantly lower than those in the
corresponding WT mice (Po0.05) (Figure 8). However, no
significant difference in the changes in SkBF was found
among all the mice at 3 and 5minutes after cessation of the
30-minute loading. These results suggested that both eNOS
and nNOS are involved in the changes in SkBF in response to
external continuous dynamic mechanical stimulation.
DISCUSSION
The aim of this study was to evaluate the contribution of
nNOS in epidermal KCs to changes in cutaneous circulation
in response to external mechanical stimulation. We have
proposed that epidermal KCs function as the forefront of the
sensory system—that is, first, KCs recognize various environ-
mental factors and then the information is processed and
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Figure 7. Enlargement of cutaneous lymphatic vessels of skin organ culture of nitric oxide synthase knockout (NOS-KO) and wild-type (WT) mice after
mechanical stimulation. Computer-assisted morphometric analyses of lymphatic vessel endothelial receptor 1 (LYVE-1)-stained skin sections revealed a
significant increase in the average size of lymphatic vessels (a) and in the area occupied by lymphatic vessels (b) in skin after both static and dynamic loading.
The density of lymphatic vessels was similar among all groups (c). *Po0.05, **Po0.01 vs. WT. wwPo0.01 vs. basal condition before stimulation. Data are
expressed as means±SE.
Table 1. Physiological parameters
n Body weight (g) n SkBF (a.u.)
WTe 7 26.49±0.71 4 16.06±0.19
eNOS-KO 8 23.74±0.34* 4 14.76±0.39**
WTn 8 25.47±0.62 4 13.57±0.10zz
nNOS-KO 8 22.97±0.99w 4 15.17±0.18ww
Abbreviations: a.u., arbitrary units; eNOS-KO, endothelial NO synthase
knockout mice; n, number of mice; nNOS-KO, neuronal NO synthase
knockout mice; SkBF, skin blood flow; WTe, C57BL/6 mice; WTn,
C57BL/6J129 hybrid mice.
Values are means±SE.
*Po0.05 vs. WTe.
**Po0.01 vs. WTe.
wPo0.05 vs. WTn.
wwPo0.01 vs. WTn.
zzPo0.01 vs. WTe.
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conveyed to the nervous system (Denda et al., 2007).
Koizumi et al. (2004) reported that a mechanical stimulatio-
n–evoked Ca2þ wave in KCs caused an increase in
intracellular Ca2þ concentration in adjacent dorsal root
ganglion neurons. They suggested that a dynamic cross-talk
occurs between skin and sensory neurons. This seems
consistent with the idea that KCs have a sensory function.
Our present results showed that nNOS in epidermis released
NO after mechanical stimulation and that both nNOS and
eNOS contribute to microvascular vasoreactivity. These
findings support our hypothesis that KCs in epidermis
recognize mechanical stimulation and release NO in
response.
NO release from our mouse skin ex vivo model was
significantly higher in the case of dynamic loading than in the
case of static loading. Thus, skin seems to have the ability to
discriminate static and dynamic loadings. nNOS and eNOS
are both calcium-dependent enzymes, and calcium ion influx
may occur through mechanically sensitive ion channels that
belong to the transient receptor potential family of cation
channels, including TRPV4 (Christensen and Corey, 2007). It
is likely that the relevant channels are membrane ion
channels gated by bilayer tension (Lumpkin and Caterina,
2007). Thus, it is possible that dynamic mechanical stimula-
tion may generate sufficient force to modify the lipid bilayer,
in contrast to static mechanical stimulation. Further studies
are needed to investigate the mechanically sensitive ion
channels.
The NO release from a reconstructed skin model consist-
ing of KCs and fibroblasts was significantly increased, as was
the case in the organ culture model. The increase in NO level
was suppressed when the epidermal layer was detached from
the skin model sample. These results suggested that
epidermal KCs (or epidermis) might be an important source
of NO generation in response to mechanical stimulation. We
recently showed that skin surface barrier disruption induced
NO release from the skin and application of nNOS inhibitor
blocked the release (Ikeyama et al., 2007). This result
suggested that stimulation of the skin surface could activate
nNOS in the epidermis and consequently induce NO release.
The epidermis is composed of KCs, melanocytes, Merkel
cells, and Langerhans cells. KCs account for about 90–95% of
the cells in the epidermis (Fradette et al., 2003; Cals-Grierson
and Ormerod, 2004). Ormerod et al. (1998) observed a strong
nNOS staining in the granular layer of the epidermis in
normal skin, whereas eNOS staining was observed mainly in
the endothelium. The NO increase in both nNOS- and
eNOS-KO mouse skin was lower than that in the correspond-
ing WT mice. The differences between WT and knockout
mice were similar in both cases. Thus, not only eNOS in
endothelial cells but also nNOS in epidermis is a candidate
for the source of NO released in response to mechanical
stimulation. Interestingly, NO release from the skin of WT
mice was greater than that from HR-1 mice. This discrepancy
can be explained in terms of a difference in skin thickness. In
HR-1 mice, epidermal KCs usually form three or four layers,
whereas in WT mice, the cell layer consists of one or two
layers (see supplementary data). Therefore, loaded pressure
may be more easily transmitted to epidermal KCs in WT than
in HR-1 mice.
In this study, dynamic loading of skin organ culture led to
an enlargement of lymphatic vessels in HR-1 mice. However,
the size and area of cutaneous lymphatic vessels were
suppressed in all skin samples after the detachment of the
epidermal layer. There is a possibility that dispase might
directly influence lymphatic vessels. However, other studies
have indicated that dispase treatment for detachment had no
effect on the structure or function of lymphatic vessels (Cha
et al., 2005; Hu et al., 2006). Thus, our data suggest that
NO released in response to mechanical stimulation may
be transported to lymphatic endothelial cells from
epidermis, leading to the enlargement of lymphatic vessels.
Furthermore, the degrees of the decline in lymphatic vessel
size in nNOS- and eNOS-KO mice, compared with WT mice,
were almost the same. Hagendoorn et al. (2004) showed that
mice treated with eNOS inhibitors and eNOS-KO mice
exhibited a decreased lymphatic flow without any effect on
morphology. However, little is known with regard to the
involvement of nNOS. Mizuno et al. (1998) suggested that
differences in the structure and functional role of lymphatic
vessels and blood vessels might be correlated with the
various dilation responses to stimuli. Our findings suggest
that the reactivity of lymphatic vessels to mechanical
stimulation in NOS-KO mice was lower than that in WT
mice, and the contribution of epidermal nNOS to the dilation
of lymphatic vessels in response to mechanical stimulation
might be similar to that of eNOS. In the present study, we
used a simple ex vivo model that did not require considera-
tion of endothelial permeability and venous pressure/resis-
tance. However, mechanical loading will affect local venous
pressure in vivo and increase lymph production, thereby
increasing the diameter of lymphatic vessels. The role of NO
in modulating endothelial permeability is known to be
complex (Sanchez et al., 2009). Improved methods are
needed to evaluate changes in the diameter of lymphatic
vessels.
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Figure 8. Effect of external continuous dynamic mechanical stimulation
on skin blood flow (SkBF) in eNOS- and nNOS-KO mice (n¼ 4). After a
30-minute loading period, the changes in SkBF (percentage of baseline) in
eNOS-KO and nNOS-KO mice were significantly lower compared with
those in the corresponding wild-type (WT) mice. However, no significant
differences in changes in SkBF were found among all strains of mice at 3
and 5minutes after mechanical stimulation. *Po0.05. Data are expressed
as means±SE.
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The increase in SkBF in both nNOS-KO and eNOS-KO
mice was significantly lower than that in the corresponding
WT mice. This result suggests that the contribution of nNOS
to vasodilation in response to mechanical stimulation might
be similar to that of eNOS. In a study using LNNA (nitro-L-
arginine) (a nonspecific NOS inhibitor) and 7-NI (7-nitroin-
dazole) (a specific nNOS inhibitor), Fromy et al. (2000) found
that pressure-induced vasodilation in rats is largely depen-
dent on endothelial NO, and NO derived from nNOS was
involved to a lesser extent. However, these results were not
discussed with reference to other nNOS-containing sources,
except nerve endings. Nevertheless, their findings that NO
derived from nNOS was at least partly involved in pressure-
induced vasodilation support our hypothesis that NO is
generated by nNOS not only in nerve endings but also in
other sites, such as epidermal KCs. The difference in the
contribution of nNOS between our study and theirs may have
arisen from methodological differences. We used dynamic
mechanical stimulation, using motor-driven to-and-fro mo-
tion of a weight, the effect of which is that a constant pressure
is progressively loaded and unloaded repeatedly for 10min-
utes, whereas Fromy et al. used quasi-static stimulation, in
which the applied pressure was increased progressively and
slowly for about 30minutes and then stopped at 20 kPa. The
skin responses to these two types of stimulation are likely to
be different, because our results showed that static and
dynamic mechanical stimulations do not affect NO release in
the same way. Thus, it seems that the relative contributions of
eNOS and nNOS may depend on the method of weight
loading.
It should be noted that other factors may have compensa-
tory roles in NOS-KO mice. Using indomethacin as an
inhibitor, it was shown that COX has a role in pressure-
induced vasodilation in healthy adult mice (Gaubert et al.,
2007). Using specific inhibitors (apamin and charybdotoxin),
the same research group showed that, although endothelium-
derived hyperpolarizing factor was not involved in pressure-
induced vasodilation in healthy young adult mice and rats, it
was involved in a compensatory role in old mice. Similar
results have been reported by others when the NO pathway is
altered. Lenasi and Strucl (2008) found that ACh-mediated
vasodilation was significantly attenuated after eNOS and
COX inhibition in healthy male humans. They suggested that
the remaining vasodilation might be attributable to endothe-
lium-derived hyperpolarizing factor, although this was not
confirmed pharmacologically. Numerous reports document
differing contributions of endothelial factors, depending on
experimental and pathological conditions.
In conclusion, NO was released as a result of static or
dynamic mechanical stimulation, and the source of NO
released in response to mechanical stimulation may be not
only eNOS in dermal cells such as fibroblasts, vascular
endothelial cells, and lymphatic endothelial cells, but also
nNOS in the epidermis, especially KCs. This finding
could provide an opportunity for the development of new
clinical methodologies to improve peripheral circulation
disease, as well as being relevant to rehabilitation therapy
and massage.
MATERIALS AND METHODS
Animals
Male hairless mice (HR-1) were purchased from Hoshino Laboratory
Animals (Saitama, Japan). Male nNOS-KO mice, WTn mice, eNOS-
KO mice, and WTe mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). HR-1 is not completely hairless, but
has vellus hairs similar to those of the human body, and the skin
is thicker than that in WT, which is advantageous for evaluating
the functional role of epidermis. However, there has been no
report yet of an HR-1 mouse strain that is deficient in NOS; hence,
we also examined NOS-KO mice and WT, which are hairy. This
study was approved by the ethics committee of the Shiseido
Research Center in accordance with the guidelines of the National
Institutes of Health.
Reagents
Diaminofluorescein-2 (DAF-2) was purchased from Daiichi Pure
Chemicals (Tokyo, Japan). Dispase I was purchased from Sanko-
Junyaku (Tokyo, Japan). MCDB 153 and carbonic acid ethyl ester
were purchased from Sigma (Tokyo, Japan). Other reagents were
purchased from Nacarai (Kyoto, Japan).
Preparation of skin sections for organ culture
Before experiments, knockout and WT mice were shaved under
anesthesia and then maintained for at least 24 hours to allow the
repair of skin barrier disruption due to shaving. HR-1, a hairless
strain, was used without being shaved. At the end of each
experiment, mice (10–15-weeks old) were killed with an overdose
of carbonic acid ethyl ester. Skin samples were taken immediately
and subcutaneous fat was removed using a scalpel. Four square
sections (exactly 1.5 1.5 cm2) were cut from each skin sample.
Each section was placed in a square dish. A total of 2 ml of MCDB
153 was added to each dish, and the dishes were placed on a seesaw
shaker (NISSIN, Tokyo, Japan) moving at 40 r.p.m. during culture. To
allow detachment of the epidermal layer of skin samples, each skin
sample was incubated overnight in 0.5ml of dispase I solution at
4 1C (Shimohira-Yamasaki et al., 2006), whereby the epidermis and
dermis became easily separable. The control was similarly incubated
overnight.
Preparation of a reconstructed skin model
Two commercially available human skin models, both using
TESTSKIN (Toyobo, Tokyo, Japan), were used as in vitro models in
this study (Bell et al., 1979). One TESTSKIN culture (diameter,
12mm) consisted of human epidermal KCs and fibroblasts, cultured
on standing cell culture inserts at the air–liquid interface to form a
multilayered, differentiated model of human skin. The other
comprised only fibroblasts. The cell culture inserts consist of porous,
flexible polycarbonate membranes, which have been commercially
modified and collagen coated. Before the experiments, the TEST-
SKIN cultures were kept in six-well plates and cultured overnight at
37 1C under 5% CO2 in air, in 9ml per well of TESTSKIN assay
medium. Square sections (exactly 10 10mm2) were cut from each
culture and used in a loading experiment.
Mechanical stimulation of skin section
A columnar weight (2 cm in diameter and 2 cm in height, weighing
51 g) was used for mechanical loading of the skin sections or
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TESTSKIN samples. We also used a lighter weight (17 g) to evaluate
the loading dependence of the response. The weight was statically
placed (Sta group) or dynamically rolled (Dyn group) on the samples
for 10minutes. Briefly, the flat surface of the columnar weight was
placed on the skin (Sta) or the curved surface of the weight was
rolled over the skin with a motor-driven to-and-fro motion (Dyn).
Control groups were not loaded. The culture dish was placed on a
seesaw shaker moving at 40 r.p.m. during culture at 33 or 37 1C in a
CO2 incubator. After static or dynamic loading, the medium was
collected for NO measurement. The sample surface was covered
with a thin rubber sheet to prevent damage.
NO release after mechanical stimulation
NO release from skin was measured as described by Kojima et al.
(1998). Briefly, the medium was replaced with a balanced salt
solution of the following composition: NaCl 150mM, KCl 5mM,
CaCl2 1.8mM, MgCl2 1.2mM, HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) 25mM, NaH2PO4 1.2mM, and D-glucose
10mM (pH 7.4). The balanced salt solution contained 10 mM DAF-2
as a fluorescent indicator for NO. A skin section was incubated in
balanced salt solution containing DAF-2 for 1 hour at 37 1C. The
culture dishes were placed on a seesaw shaker moving at 40 r.p.m.
during culture. Before mechanical stimulation, 400 ml of the
balanced salt solution (þ ) containing DAF-2 was collected as a
baseline sample. For calibration, we used NOC7, a NO donor. After
the loading, 400ml of the medium was collected for NO measure-
ment. Each sample solution was centrifuged, and fluorescence was
detected using a Fluoroscan Ascent FL plate reader (Thermo
Labsystems, Helsinki, Finland). Excitation and emission wavelengths
were 495 nm and 515nm, respectively. Changes in DAF-2
fluorescence intensities (F) in each experiment were normalized to
the baseline fluorescence detected before stimulation (F0). Changes
in NO production are expressed as F/F0, thus representing
percentage increases above basal levels.
Immunohistochemistry
Immunohistochemical analysis was performed on 6mm AMEX
(acetone-methyl benzoate-xylene)-fixed mouse skin sections (Sato
et al., 1986). Mouse lymphatic vessels were detected with
polyclonal antibodies against murine LYVE-1 (Upstate, Temecula,
CA). The sections were deparaffinized, rinsed in phosphate-buffered
saline, autoclaved in citrate buffer for 5minutes, treated with 3%
H2O2 for 20minutes, and then incubated with LYVE-1 antibodies
(1:1000 dilution) in phosphate-buffered saline containing 12%
BSA at 4 1C overnight. Detection was carried out with the
ENVISIONþ System-HRP (DAKO, Tokyo, Japan) according to the
manufacturer’s instructions. All sections were counterstained with
hematoxylin. Images were captured with a Spot digital camera, and
morphometric analyses were performed with WinRoof software
(Mitani Corporation, Fukui, Japan) as described elsewhere (Streit
et al., 1999, 2000). Five fields of each section were examined at
 10 magnification, and the number of lymphatic vessels per square
millimeter, average lymphatic vessel size, and relative tissue area
occupied by lymphatic vessels were determined in the dermis,
in an area within 200 mm of the epidermal–dermal junction. The
basal condition sample was fixed in fixative solution immediately
after excision. The control sample was fixed after 1 hour of
preincubation.
SkBF measurement with laser Doppler flowmetry
Knockout and WT mice were shaved and allowed to recover for at
least 24hours to restore barrier function. Animals were anesthetized by
intraperitoneal injection of 25% carbonic acid ethyl ester (4ml kg1).
Microvascular response to external continuous dynamic mechanical
stimulation in WT and each of the knockout mice was measured by
laser Doppler flowmetry (Neuroscience, Tokyo, Japan). A laser
Doppler probe (Omegawave, Tokyo, Japan) with a 3.1-mm2 circular
surface was set in a holder such that the distance between the probe
and the skin surface was kept at 1 cm. After general anesthesia, the
animals were settled in an incubator equipped with a heat pad set to
maintain a stable cutaneous temperature. Mice were placed in a right
lateral position and allowed a 30-minute rest period to stabilize blood
flow and cutaneous temperature. The back surface was covered with a
thin rubber sheet (1mm) to prevent damage and wrinkling of the skin
surface. Continuous external dynamic mechanical stimulation was
applied by rolling a columnar 51-g weight on the back. The weight
was attached to a rotary motor system that drove it to and fro 30 times
a minute. SkBF was measured at 0, 3, and 5minute after a 30-minute
loading period. The probe, connected to a laser Doppler flowmeter,
was placed in the middle of the skin area to which pressure had been
applied. Blood flow data were acquired as averages over 10 seconds.
The change in SkBF was expressed as percentage increase in the ratio
of blood flow relative to the immediately preceding baseline flow.
Statistics
Results are expressed as mean±SE. The statistical significance of
differences between two groups was determined by use of the
unpaired Student’s t-test. In the case of more than two groups,
differences were determined by ANOVA (analysis of variance) with
Fisher’s protected least significant difference.
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